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Coal Steam G a s i f i c a t i o n  

W.G. Willson, L . J .  Sealock, J r . ,  F.C. Hoodmaker, 
R.W. Hoffman, 3.L. Cox, and D.L. S t i n s o n  

I n t r o d u c t i o n  

Cons iderable  work has been c a r r i e d  o u t  on t h e  c a t a l y t i c  e f f e c t s  of  

va r ious  chemica ls  on t h e  r e a c t i o n s  o f  carbon w i t h  w i th  steam. This work is  

of c l a s s i c  importance i n  t h e  water gas  r e a c t i o n s .  In addi t ion ,many s t u d i e s  

have been made t o  de te rmine  a c t i v e  c a t a l y s t s  f o r  t h e  s y n t h e s i s  of hydrocarbons 

from carbon monoxide and hydrogen. 

c a r r i e d  o u t  a t  v a s t l y  d i f f e r e n t  tempera tures .  

These two r e a c t i o n  systems are  u s u a l l y  

The carbon-steam r e a c t i o n s  r ep resen ted  as C + H,O = CO + H, and 

C + 2H,O = CO, + 2H, a r e  endothermic,and even  i n  the  presence  of c a t a l y s t s  

t h e  o p e r a t i n g  tempera ture  range of 800-1100°C i s  u s u a l l y  employed (1). One 

o f  t he  e a r l i e s t  i n v e s t i g a t i o n s  of  c a t a l y s t s  f o r  t h e  carbon-steam r e a c t i o n s  

c a r r i e d  o u t  by Taylor  and N e v i l l e  ( 2 )  was a t  tempera tures  from 490-570OC. 

The i r  most e f f e c t i v e  c a t a l y s t  used wi th  steam and coconut cha rcoa l  was 

potass ium ca rbona te ,  a l though  sodium ca rbona te  a l s o  proved e f f e c t i v e .  Fox 

and White ( 2 )  demonstrated t h e  c a t a l y t i c  e f f e c t  of impregnat ing  g r a p h i t e  

w i th  sodium c a r b o m t e  over  t h e  tempera ture  range  of 750-1000°C. 

Kr'dger ( 3 )  found t h a t  m e t a l l i c  ox ides  and a l k a l i  ca rbona te s  o r  mix tu res  

c a t a l y z e d  t h e  carbon-steam r e a c t i o n s .  Lewis and co-workeas(4) s t a t e d  t h a t  

i f  r e a c t i v e  carbons  a r e  c a t a l y z e d  wi th  a l k a l i  ca rbona te s  r easonab le  g a s i f i -  

c a t i o n  r a t e s  are a t t a i n a b l e  a t  tempera tures  as low as 1200°F. A process  

which uses  molten sodium ca rbona te  t o  c a t a l y z e  as  w e l l  a s  supp ly  h e a t  f o r  

t h e  carbon-steam g a s i f i c a t i o n ,  has been d e s c r i b e d  (5) .  
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I n  c o n t r a s t  t o  t h e  carbon-steam r e a c t i o n s ,  t h e  s y n t h e s i s  of hydrocarbons 

from carbon monoxide and hydrogen i s  u s u a l l y  c a r r i e d  o u t  a t  tempera tures  below 

4 5 0 ° C  ( 6 ) .  The most a c t i v e  c a t a l y s t s  were found t o  b e  group V I 1 1  me ta l s ,  

mixed wi th  va r ious  a c t i v a t i n g  materials ( 7 ) .  A method f'vr t h e  d i r e c t  produc- 

t i o n  of hydrocarbons from coal -s team systems u s i n g  m u l t i p l e  c a t a l y s t s  i n  a 

s i n g l e - s t a g e  r e a c t o r  has  been desc r ibed  by  Hoffman (8). Hoffman and 

co-workers (9) have d e s c r i b e d  t h e  e f f e c t s  of v a r i o u s  commercial n i c k e l  

methanat ion  c a t a l y s t s  i n  a s i n g l e - s t a g e  r e a c t o r .  They s t a t e d  t h a t  n i c k e l  

w a s  chosen f o r  t h e  me thana t ion  c a t a l y s t  s i n c e  t h e  y i e l d  o f  hydrocarbons w a s  

l i m i t e d  e s s e n t i a l l y  t o  methane. 

It h a s  been found i n  t h e  s i n g l e - s t a g e  r e a c t o r  t h a t  most e f f e c t i v e  

mixed c a t a l y s t s  which produce methane and carbon d iox ide  from coal -s team 

systems ( 2 C  t 2H,O = CH4+ CO,) are potassium cazbonate  and n i c k e l .  

s i n g l e - s t a g e  r e a c t o r  with t h e  n i c k e l  methanat ion  c a t a l y s t ,  potassium 

ca rbona te  and c o a l  mixed and charged ,  it i s  necessa ry  i n  o rde r  t o  g e t  

e f f e c t i v e  c o n t a c t  t i m e ,  t o  have t h e  c o a l  t o  n i c k e l  c a t a l y s t  r a t i o  about 

1:l. With t h i s  i n  mind i t  was deemed s i g n i f i c a n t  t o  de te rmine  the  optimum 

r a t i o  of potassium c a r b o n a t e  t o  c o a l  which would g ive  t h e  b e s t  methane 

product ion .  

I n  t h e  

The p r i n c i p a l  o b j e q t i v e s  of t h i s  i n v e s t i g a t i o n  were (1) t o  determine 

t h e  optimum r a t i o  of po tass ium carbonate  t o  c o a l ,  ho ld ing  t h e  n i c k e l  

c a t a l y s t  c o n c e n t r a t i o n  c o n s t a n t ,  ( 2 )  t o  de te rmine  by a n a l y t i c a l  methods 

and X-ray d i f f r a c t i o n  t h e  form and r e c o v e r a b i l i t y  of t h e  potass ium carbonate  

i n  t h e  a s h ,  and (3)  t o  de te rmine  t h e  amount of potassium t h a t  could  be  

recovered  economically.  

Experimental  Sys tems 

Reac tor  Design: The g a s i f i c a t i o n  of c o a l  was c a r r i e d  o u t  i n  a one-inch 

(0.d.)  d iameter ,  semi-cont inuous  f low r e a c t o r  desc r ibed  i n  earlier papers  (8,9). 

Due t o  t h e  ex t remely  a c t i v e  n a t u r e  of t he  n i c k e l  c a t a l y s t  towards oxygen, t he  

re-Educed n i c k e l  c a t a l y s t  had t o  b e  s t o r e d  under n i t r o g e n  atmosphere.  I n  

a d d i t i o n , t h e  r e a c t o r  was charged  under a n i t r o g e n  atmosphere i n  a glove box. 
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Feed Mater ia1s :The  c o a l  used i n  a l l  runs  was a sub-bituminous c o a l  from 

Glenrock, Wyoming, ground t o  60-100 mesh. An a n a l y s i s  of t h e  c o a l  i s  given 

i n  Table  I.  C e r t i f i e d  A.C.S. anhydrous potass ium carbonate  was used  f o r  t h e  

a l k a l i  c a t a l y s t .  This  c a t a l y s t  w a s  approximate ly  t h e  same mesh s i z e  as t h e  

c o a l .  X-ray s t u d i e s  i n d i c a t e ,  however, t h a t  some of t h e  potass ium ca rbona te  

had become hydra t ed , fo r  example K,CO,. X(H,O). In a d d i t i o n ,  a commercial 

n i c k e l  c a t a l y s t  was employed. The n i c k e l  methanat ion  c a t a l y s t  (Ni-3210) 

c o n t a i n i n g  approximate ly  35% by weight n i c k e l  on a p r o p r i e t a r y  s a p p o r t  w a s  

purchased from t h e  Harshaw Chemical Company. The n i c k e l  c a t a l y s t  was 

reduced wi th  H, a t  approximate ly  650°C f o r  12-18 hours  and s t o r e d  under a 

n i t r o g e n  atmosphere. 

Table I. Ana lys i s  of Glenrock Coal 

Mois ture  (wt %) 

V o l a t i l e  Mat te r  (wt 2) 
Fixed Carbon (wt 2 )  
Ash (wt %) 

Heat ing  Value (B tu / lb )  

Hydrogen (wt %) 

Carbon (wt %) 

Nit rogen  (wt %) 

Oxygen (wt %> 

S u l f u r  (wt %) 

Ash (wt %> 

Proximate  Ana lys i s  
A s  Received Mois ture  Free  

12 .2  

39.6 45.1 

36.1 41 .1  

12 .1  13.8 

9140 10410 

- - - -  

U l t i m a t e  Ana lys i s  
A s  Received Mois ture  Free  

5 . 1  4 .3  

52.7 60.0 

0.6 0.7 

28.6 20.2 

0.8 1 . 0  

12 .1  13 .8  

- a s  Ana1ysis:Product gas  volumes were measured by a c a l i b r a t e d  w e t  t e s t  

meter. 

column, dua l  T.C.D. chromatograph. One d e t e c t o r  used a helium c a r r i e r  w i th  

Gas composi t ions  were determined  w i t h  a Beckman Model GC-5 d u a l  
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Pora-Pak Q column and o t h e r  used an  a rgon  c a r r i e r  w i th  a molecular  s i e v e  

column. Data r e d u c t i o n  was a i d e d  by  an  Auto Lab System I V  d i g i t a l  i n t e g r a t o r  

equipped wi th  a c a l c u l a t i o n  module. 

A n a l y t i c a l  Analyses :  The potassium remaining i n  t h e  c o a l  a s h  was 

de te rmined  wi th  a Perkin-Elmer model 303 a tomic  a b s o r p t i o n  spectrophometer 

a f t e r  performing a J .LawrenceSmith  i g n i t i o n  on t h e  sample. 

o b t a i n  a t o t a l  potassium ba lance  it was necessa ry  t o  recover  t h e  potassium 

t h a t  adhered t o  t h e  n i c k e l  c a t a l y s t .  

c a t a l y s t  with a c i d  and de te rmin ing  t h e  potass ium by a tomic  abso rp t ion .  

I n  o rde r  t o  

This  was accomplished by d i g e s t i n g  the  

The amount o f  ca rbona te  r e t a i n e d  i n  t h e  a s h  was c a l c u l a t e d  from t h e  

q u a n t i t y  of carbon d i o x i d e  absorbed  by a s c a r i t e  a f t e r  f i r s t  sc rubbing  t h e  

gas  evolved from t h e  t r ea tmen t  of t h e  a s h  wi th  a 1:l hydroch lo r i c  a c i d  

s o l u t i o n .  

In orde r  t o  de t e rmine  t h e  amount of po tass ium t h a t  was r ecove rab le  by  

a n  ambient tempera ture  wash, l g  of a s h  w a s  washed i n  l O O m l  of water f o r  one 

hour .  The amount of po tass ium i n  t h e  f i l t r a t e  was de termined  by a tomic  

a b s o r p t i o n .  

X-ray D i f f r a c t i o n :  The ground ash  w a s  mounted v e r t i c a l l y  i n  a General 

E l e c t r i c  XRD-5 d i f f r a c t o m e t e r .  Copper r a d i a t i o n  a t  5 0  KVP and 35 MA w a s  used 

f o r  t h e  ana lyses .  Each s c a n  was s t a r t e d  a t  a n  a n g l e  28 of 4 "  and cont inued  

through 70". The "d" v a l u e s  i n  angstroms f o r  t h e  recorded  X-ray peaks were 

de te rmined  from a copper KcvQ = 1.5418w) t a b l e  and compounds were i d e n t i f i e d  

from t h e  A.S.T.M. X-ray Powder Data F i l e .  

Methodology: Experiments were c a r r i e d  o u t  by cha rg ing  t h e  r e a c t o r  w i th  

t h e  c o a l ,  potassium c a r b o n a t e  and n i c k e l  c a t a l y s t  mix tu re  i n  a g love  box under 

a n i t r o g e n  atmosphere.  In t hose  cases  where no n i c k e l  c a t a l y s t  was involved  

t h e  r e a c t o r  was n o t  charged  i n  t h e  g love  box. In a l l  o t h e r  runs  lOOg of coa l  

and about  l lOg n i c k e l  c a t a l y s t  w i th  va ry ing  amounts of  po tass ium ca rbona te  

were charged .  The t empera tu res  on t h e  r e a c t o r  and super  h e a t e r  were then  

brought  to o p e r a t i n g  t empera tu res  of approximate ly  650°C in less than  two 

hour s  and main ta ined  a t  t h e  va lue  f o r  t h e  d u r a t i o n  of t h e  run .  In a l l  cases  

t h e  l e n g t h  of t h e  run  w a s  7 4 ,  hours  and approximate ly  28 m l  of water were 

added. 

r e a c t o r  p r e s s u r e  was approx ima te ly  30 PSIA which in t h e  p r e s s u r e  r equ i r ed  t o  

g i v e  an  adequate  sample t o  t h e  chromatograph. 

The product  gas  w a s  moni tored  f o r  composi t ion  every  h a l f  hour.  The 
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A l l  runs  were r e p e a t e d  u n t i l  n e a r  d u p l i c a t i o n  o f  two runs  was o b t a i n e d .  

The c r i t e r i a  f o r  a c c e p t i n g  t h e  d u p l i c a t e  r u n s  were based  on t h e  t o t a l  mass 

ba lance  and t h e  q u a l i t y  of t h e  gas  produced. 

ba l ance  of  ML was s u f f i c i e n t  t o  i n s u r e  t h a t  t h e r e  were no major l e a k s  t o  

p r e j u d i c e  the  r e s u l t s .  To i n s u r e  t h a t  t h e  n i c k e l  c a t a l y s t  was  p r o p e r l y  

reduced and had no t  ox id i zed  du r ing  l o a d i n g  i n  t h e  mixed c a t a l y s t  runs ,  

on ly  t h e  runs  i n  which the  average  gas had a h e a t i n g  va lue  of over  800 Btu/SCF 

(CO, f r e e )  were used .  There were on ly  two cases o u t  of a t o t a l  o f  twelve 

s e p a r a t e  runs  wi th  t h e  mixed c a t a l y s t  where t h e  q u a l i t y  of t h e  g a s  produced was 

below 800 Btu/SCF. 

c r i t e r i a  f o r  acceptance  w a s  m e t .  The amounts of methane and gas  produced 

p e r  gram of c o a l  r e p o r t e d  i n  Table 11 are volume r a t e d  average  composi t ions .  

It was dec ided  t h a t  a t o t a l  mass 

In bo th  cases t h e  runs  were repea ted  a t h i r d  t i m e  and t h e  

R e s u l t s  and Di scuss ion  

I 

Table I1 c o n t a i n s  a summary o f  t h e  runs  s e l e c t e d  t o  de te rmine  t h e  optimum 

amount of potassium ca rbona te  t o  be mixed w i t h  t h e  c o a l  and n i c k e l  c a t a l y s t .  

Observa t ions  obta ined  w i t h  t h e  s i n g l e - s t a g e  r e a c t o r  i n d i c a t e  t h a t  t h e  i n i t i a l  

r e a c t i o n  involved  i s  d e v o l a t i l i z a t i o n  of t h e  c o a l ,  followed by c rack ing  and 

hydrogenat ion  of u n s a t u r a t e d  compounds i n  t h e  presence  o f  t h e  n i c k e l  c a t a l y s t .  

Th i s  i s  followed by t h e  carbon-steam r e a c t i o n .  

The f i r s t  run  i n  Table  I1 was made u s i n g  on ly  c o a l  and steam, and i n  

t h i s  run  t h e  gas  con ta ined  about  0.5% e t h y l e n e ,  0.7% e thane  as w e l l  as 4 m l  

of heavy l i q u i d s .  In a l l  t h e  remain ing  runs  t h e  n i c k e l  c a t a l y s t  w a s  p r e s e n t ,  

and i n  no case  was any  hydrocarbon h e a v i e r  t han  methane de tec t ed .  Methane 

and carbon d iox ide  were t h e  major components, w i th  hydrogen ave rag ing  

between 10-14% and t h e  carbon monoxide u s u a l l y  below 2.0% i n  the p roduc t  gas .  

In run  No. 2 only t h e  n i c k e l  c a t a l y s t  was employed. It more than t r i p l e d  

t h e  methane product ion ,whi le  i t  only i n c r e a s e d  the t o t a l  gas  p roduc t  by abou t  

2077. This  tends  t o  i n d i c a t e  t h a t  a s u b s t a n t i a l  q u a n i t y  o f  t h e  methane produced 

i s  de r ived  from c rack ing  and hydrogenat ing  u n s a t u r a t e d  compounds. 

F igu re  1 shows a p l o t  of t o t a l  gas  p roduc t ion ,  as w e l l  as t h e  methane 

p roduc t ion  versus  mass of potass ium ca rbona te  charged p e r  lOOg of c o a l .  In 
bo th  cases  the dashed l i n e  i n d i c a t e s  t h e  runs  were n e i t h e r  alkali  o r  n i c k e l  
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c a t a l y s t  were p r e s e n t .  These f i g u r e s  show t h a t  f o r  t h e  s i n g l e - s t a g e  r e a c t o r ,  

u s i n g  a sub-bi tuminouscoal  a t  about  650"C, t h e  optimum methane as w e l l  as gas 

product ion  is obta ined  u s i n g  between 20-25g of po tass ium c a r b o n a t e  p e r  lOOg 

of c o a l .  Addi t ion  of  more t h a n  30g of  po tass ium carbonate  i s  d e t r i m e n t a l  t o  

t h e  methane product ion  as w e l l  as t o t a l  gas product ion.  This  d e c r e a s e  i n  

p r o d u c t i o n  is  r e a d i l y  a p p a r a n t  when t h e  potassium carbonate  has  been i n c r e a s e d  

t o  45g. 

Table  I1 a l s o  c o n t a i n s  tk a n a l y t i c a l  r e s u l t s  f o r  potassium recovery  

and carbonate  recovery .  

w a s  s a t i s f a c t o r y , g i v i n g  d e v i a t i o n s  of 36%. Potassium recovered i n  t h e  wash 

s o l u t i o n  var ied  from about  66 t o  90%. T h i s  shows t h a t  between 2.3 - 3.4g of 

potassium a r e  forming compounds t h a t  are insoluhLe in  water a t  ambient  

tempera tures .  It  i s  of i n t e r e s t  t o  note t h a t  t h e  least  amount of i n s o l u b l e  

potass ium was obta ined  when t h e  optimum amount of potassium carbonate  w a s  used.  

The carbonate  recovered  from t h e  a s h  was good,g iv ing  a d e v i a t i o n  of on ly  fix. 

The t o t a l  po tass ium recovery  by t h e  i g n i t i o n  method 

Although t h e  X-ray s c a n  r a n  from an  a n g l e  2 8  of 4-70', t h e  m a j o r i t y  of 

t h e  peaks of i n t e r e s t  f e l l  i n  t h e  range  of 20-44". Table  111 compares "d" 

spac ings  and i n t e n s i t i e s  of X- ray  d i f f r a c t i o n  peaks from 20-44" 28 f o r  t h e  

p u b l i s h e d  d a t a  on t h e  h y d r a t e d  potassium carbonate  (K,CO, .1 Y2H20) 

s i l i c o n  d i o x i d e ,  w i t h  t h e  potassium c a r b o n a t e  as r e c e i v e d  and t h e  ashes  from 

t h e  r u n s  c o n t a i n i n g  0, 20 ,  45,  and 60g of potassium carbonate  r e s p e c t i v e l y ,  

The "d" s pacings and i n t e n s i t i e s  o f  t h e  potass ium c a r b o n a t e  as r e c e i v e d  and 

of  t h e  a s h e s  c o n t a i n i n g  potassium c a r b o n a t e  do n o t  correspond e x a c t l y  t o  

t h e  publ i shed  anhydrous o r  hydra ted  forms of  potassium carbonate .  For  

example, t h e  publ i shed  A.S.T.M. data  shows t h e  major  peak f o r  K,CO,.l Y,H,O 

( i n t e n s i t y  100) has a "d" s pacing of 2.72A, whereas  the'aaalmveed samples 
have major  peak "d" s p a c i n g s  of  2.77A f o r  t h e  a s h e s  and 2.79A f o r  t h e  potassium 

c a r b o n a t e  as rece ived .  

c a r b o n a t e  as w e l l  a s  t h a t  i n  t h e  a s h  i s  a p a r t i a l l y  hydra ted  compound. 

and 

0 

0 0 

It i s  b e l i e v e d  that t h e  ana lyzed  form of  t h e  potassium 

F i g u r e  2 shows t h e  X-ray d i f f r a c t i o n  p a t t e r n  f o r  t h e  potassium carbonate  

as  r e c e i v e d .  Only t h e  peaks wi th  q u e s t i o n  marks are u n i d e n t i f i e d  peaks. The 

peaks u n l a b e l l e d  cor respond most n e a r l y  t o  t h o s e  publ i shed  f o r  %CO,.l j2&0.  

The a s h  from t h e  r e a c t o r  r u n  c o n t a i n i n g  no potass ium carbonate  i sshown i n  

f i g u r e  3.  

The a s h e s  from runs  u s i n g  20, 45, and 60g of potassium carbonate  w i t h  lOOg 

It d i s p l a y s  o n l y  s i l i c o n  d i o x i d e  and some u n i d e n t i f i e d  peaks. 
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of c o a l  charged a r e  shown i n  f i g u r e  4 .  ' I t  i n d i c a t e s  t h a t  t h e  amount of 

potassium ca rbona te  remaining i n  t h e  a s h  i s  p r o p o r t i o n a l  t o  t h e  amount 

charged. This i s  b e s t  observed by n o t i n g  t h e  changes i n  t h e  i n t e n s i t i e s  of 

t h e  major po tass ium ca rbona te  peaks between 32-33" 28.  Again t h e  peaks  t h a t  

are u n i d e n t i f i e d  are noted  w i t h  q u e s t i o n  marks. Comparison o f  "d" v a l u e s  i n  

t a b l e  I1 i nd ica t e  t h a t  t h e  form of t h e  potass ium ca rbona te  remains e s s e n t i a l l y  

unchanged a f t e r  t h e  r e a c t i o n .  

Conclusions 

The i n v e s t i g a t i o n s  thus  f a r  i n d i c a t e  t h a t  i t  i s  p o s s i b l e  i n  a s i n g l e - s t a g e  

r e a c t o r ,  by us ing  a mixed c a t a l y s t  o f  po tass ium ca rbona te  and a n i c k e l  c a t a l y s t ,  

t o  r e a c t  c o a l  and steam p r i n c i p a l l y  b methane and carbon d iox ide  a t  low 

p r e s s u r e  and tempera tures  o f  approximate ly  650°C. Under t h e s e  c o n d i t i o n s  the 

optimum amount of po tass ium ca rbona te  f o r  maximum methane p roduc t ion  i s  between 

20-2577 t h e  mass of the  c o a l .  X-ray d i f f r a c t i o n  s t u d i e s  i n d i c a t e  t h a t  t h e  

form of t h e  potassium ca rbona te  remain ing  i n  t h e  a s h  i s  e s s e n t i a l l y  t h e  same 

as t h a t  charged. A t  t h e  observed optimum v a l u e  o f  20g of po tass ium ca rbona te  

t o  lOOg of coa l  n e a r l y  80% of  t h e  potass ium i s  r ecove rab le  by a one hour wash 

w i t h  water a t  room tempera ture ,  
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